Electron spin echoes were performed on nitrogen-vacancy (N-V) centers in diamond using optical polarization and detection and 35 GHz microwave control. The experiments demonstrate an approach to quantum information in the solid state. A phase memory time of 3.6 s was measured, and coupling of the electronic spin to the 14 N nuclear spin was observed. Because of the favorable properties of the N-V center, interesting extensions of these single-qubit operations can be proposed. Following the suggestion of quantum information and the discovery of efficient quantum algorithms, demonstrations of quantum operations and computing have been performed using atoms in cold traps and NMR of simple molecules. 1 While these have been striking and instructive, there are many incentives to develop quantum gates in the solid state. The requirement of discreet energy levels leads to imperfect or structured materials; hence, the spin states found in defects and quantum dots have been proposed to explore quantum information based on solid-state devices.
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The nitrogen-vacancy (N-V) center found in irradiated type-Ib diamond is a prominent candidate. It consists of a nitrogen substituting for a carbon plus a nearest-neighbor vacancy. ͓See Fig. 1͑a͒ .͔ These centers are created with highenergy electron radiation followed by thermal annealing. 2, 3 They have a 3 A ground state ͑electronic spin of 1͒ and a 3 E excited state. The optical transition between these states has a very high quantum efficiency, 2 which has allowed singledefect spectroscopy to be performed both at low and room temperatures. 4, 5 Previous work at zero and small magnetic fields has found the ground state to have a spin coherence lifetime of 4.5-80 s. [6] [7] [8] [9] [10] These robust optical and spin properties have led to suggestions for utilizing the N-V center as a quantum gate with optical addressing and control. 11, 12 Recently, the spin coherence has been further probed with coherent Raman spectroscopy with an eye toward single qubit preparation and operations. 13 In this work, we explore quantum operations on ensembles of N-V centers using a combined optical/microwave approach. The state is prepared and read out optically, thus maintaining the sensitivity required for single-qubit operations. Coherent control is achieved with microwave pulses. The experiments, performed at fields near 1 T, measure the phase memory time and reveal modulation of the electron coherence by the 14 N nuclear spin. The experiments provide a model for quantum information processing in the solid state. The N-V center itself displays properties that set a standard for a solid-state qubit.
Our experimental conditions were as follows. All measurements were performed at pumped liquid-He temperature (ϳ1.4 K). An Oxford Instruments split coil superconducting magnet supplied the external field for the magnetic resonance. The sample is a Sumitomo diamond (1.7ϫ3.5 ϫ3.5 mm 3 ͒ that was electron irradiated and annealed; the total nitrogen concentration is 200 ppm (Ϯ20 ppm), and the concentration of N-V centers is 20 ppm (Ϯ7 ppm). It was held in a resonant microwave cavity with optical access, and the magnetic field was oriented parallel to the ͗110͘ crystal direction. A fast PIN diode switched the output of the 35-GHz microwaves generated by a free running GUNN oscillator or an HP83650A microwave synthesizer. The PIN was controlled via an Interface Technology RS690 250-MHz digital word generator. To amplify the short pulses needed for the coherent operations, we added a 10-W Hughes 8000H TWT amplifier. Optical excitation came from a cw Millennia Xs solid-state laser running at 532 nm. The fluorescence from the sample was focused onto a Si photodiode, and the output was measured with a lock-in amplifier.
Conventional photoluminescence and optically detected magnetic resonance ͑ODMR͒ provide the optical and magnetic parameters necessary for the coherent experiments. The photoluminescence spectrum is broad due to vibronic coupling of the lattice with the zero phonon line ͑ZPL͒ at 1.945 eV. ͓See Fig. 1͑b͒ .͔ The ZPL arises from transitions between the 3 E excited state and 3 A ground state. 2, 4, 7 This transition is spin selective and creates a spin-polarized population in the ground state after a characteristic time T 1 Ј . T 1 Ј is determined by the light intensity, optical selection rules, and lifetimes; in our case, it is about 1.3 ms. Once this spin polarization is present, spin transitions can be observed with ODMR. When illuminated with resonant microwaves, the fluorescence intensity will change as the spin population moves to or from optically active spin levels. We performed ODMR by switching the microwaves on and off at 500 Hz and monitoring the fluorescence intensity parallel to the magnetic field. With the applied field near the ͗110͘ crystal direction, resonance is observed as a drop in the fluorescence. ͓See Fig. 1͑c͒ .͔ This revealed two sets of lines corresponding to transitions between adjacent electronic spin states. Most of the observations are described by the Hamiltonian
with D ͑the splitting due to the axial crystal field͒ and g in agreement with previous work. 14 Each set consists of three lines arising from the four possible orientations of the principal defect axis (͗111͘ directions͒ with respect to the applied magnetic field. ͓See Fig. 1͑a͒ .͔ Rotation studies showed that the outer lines arise from those defects oriented approximately Ϯ35°from the applied field, and the inner line arises from the pair of centers oriented approximately 90°from the field. The shoulders on the 90°line indicate that some centers sense crystal fields with lower than axial symmetry. 4 If we replace the slow microwave modulation with fast intense pulses, we can detect electron spin echoes. These are formally equivalent to single qubit operations and were realized as follows. First, we set the magnetic field on the nondegenerate resonance shown at 1.299 T. After a period T 1 Ј , cw laser illumination created a spin-polarized population in the m S ϭ0 state. Next, we operated on the polarization by applying to the sample a sequence of three, short, intense, microwave pulses. ͓See inset of Fig. 2͑a͒ .͔ The first, a /2 pulse, rotated the magnetization into a coherent superposition of the m S ϭ 0 and Ϫ1 states. After a period t 0 , a pulse inverted the spins and they refocused at a time 2t 0 . A final /2 pulse rotated the spins back to the original spin state. If the spin echo were perfectly generated, the final spin polarization would match the initial spin polarization, and the observed fluorescence would have remained constant. However, as mistimed pulses or spin decoherence processes prevented some of the spins from returning to the original state, the spin polarization decreased after the pulse sequence. This caused the fluorescence intensity to decrease.
The experimental results are described as follows. Sixteen watts of peak power into the microwave cavity generated pulses of 48 ns. The pulse sequence was repeated at 500 Hz. We detected the fluorescence with a Si photodiode and a lock-in ͑identical to the ODMR detection͒. The outline of the spin echo was observed by sweeping the position of the final pulse across the refocusing point at 2t 0 . ͓See Fig. 2͑a͒ .͔ With different initial delays, the echo moved to longer times and decreased in amplitude.
We observed the envelope of the spin echo decay by holding the delays between the pulses equal (t 1 ϭt 0 ) while sweeping both delay times. ͓See Fig. 2͑b͒ .͔ When the resonance at 1.299 T was selected, this revealed a modulated decay curve with a phase memory time (T m ) of 3.6 s. Similar results were found when the resonance at 1.195 T was observed. Since an exponential function well describes the overall decay, T m is equivalent to T 2 as defined by the Bloch equations. 15 Electron spin echo envelope modulation ͑ESEEM͒ is frequently observed in coherent studies; it usually arises from interaction between the electronic spin and a nuclear spin.
The measured phase memory time can be attributed to dipole-dipole interactions with other N-V centers. The density of N-V centers in our sample is roughly 20 ppm; however, the density of centers with a given orientation is only one quarter of this: 5 ppm. This yields a mean separation between equivalent centers of 10 nm. The intensity of the magnetic dipole field induced by one center on a neighbor ͑ignoring the angular dependence͒ is Other measurements on other samples have revealed somewhat longer times. Measurements based on Ramanheterodyne spectroscopy ͑RHS͒ with B near the (m S ϭ Ϫ1)/(m S ϭ0) crossover at 102.8 mT give dephasing times from 4.5 to 8.0 s. [7] [8] [9] Longer times, from 41 to 80 s, were reported from coherent ODMR at small but finite fields. 6, 10 Although the concentrations of N-V centers for samples used in these other works were not given, it is likely that they were lower than in our sample and that spin-spin interactions determine the lifetime in each case.
Once the overall echo decay is subtracted, the modulation can be analyzed to reveal its harmonic content. A cosine Fourier transform of the modulation reveals two primary frequencies of 1.9 and 2.2-MHz. ͓See inset of Fig. 2͑b͒ .͔ The source of the modulation is usually a nuclear spin 16 and, because of the structure of the defect, the 14 N(Iϭ1) is the prime candidate.
To observe ESEEM, two conditions must be fulfilled. 17 First, the hyperfine levels of one electronic spin state must be coupled with more than one hyperfine state of the other electronic level. For 14 N, this mixing of the nuclear states requires that the nuclear Zeeman energy be comparable to the anisotropic hyperfine interaction or the quadrupole interaction. The second condition is that the nutation rate of the electronic spin is large compared to the nuclear resonance frequencies. With a 48-ns pulse, the nutation rate is 10 MHz.
The nuclear spin Hamiltonian describing the ground state of this center is
Here, ␤ n is the nuclear magneton; A ʈ and A Ќ are the hyperfine constants perpendicular and parallel to the defect axis (͗111͘); and P is the quadrupole splitting. For 14 N, g n ␤ n ϭ3.07 MHz/T. The hyperfine interaction has been observed with electron paramagnetic resonance ͑EPR͒ providing a measurement of A ʈ ϭ2.3 MHz.
14 The RHS measurements 7 confirm A ʈ and give A Ќ ϭ2.1 MHz and PϭϪ5.04 Ϯ0.05 MHz. In our case with applied fields around 1 T, the hyperfine and quadrupole interactions are comparable to the nuclear Zeeman interaction and strong mixing occurs. Thus it is likely that the observed modulation is due to 14 N ESEEM.
In order to verify these assignments, we have calculated the ESEEM frequencies using a diagonalization of the full electronic and nuclear Hamiltonian. The 9ϫ9 matrix manipulations were done with MATHCAD. Using the parameters from the EPR and RHS work, we get frequencies that are higher than the measured frequencies. As a check of our calculations, we verified that the parameters do give the frequencies measured in the RHS work.
It is likely that the ESEEM and RHS techniques sample different parts of the distribution of strained N-V centers. Dräbenstedt et al. 5 observed that the different spectroscopic techniques sense N-V centers under particular strain conditions. For a sample with a relatively high concentration of defects (10 16 cm Ϫ3 or more͒, there is considerable inhomogeneous broadening of the resonance lines; those defects under the greatest strain lie in the wings of these lines. He et al. 7 reported that their Raman-heterodyne signal was centered on the low-energy side of the inhomogeneously broadened optical line; hence, their Hamiltonian parameters describe centers with a particular strain. Since we have used nonselective excitation, the sharper unstrained defects dominate our observations.
With its high quantum efficiency and long spin lifetimes, the N-V center serves as a model qubit and shows potential for future quantum information applications. Its spin coherence lifetime is much longer than those of many other semiconductor systems. By exploiting this long lifetime, we have demonstrated single qubit operations using a combined optical and microwave approach. This work can be extended to higher temperature, a two-qubit gate utilizing the 14 N nuclear spin, and coherent studies of single N-V centers.
A two-qubit gate would make use of both the electronic and nuclear spins in this center. At 1 T, the nuclear states remain strongly coupled by the hyperfine and quadrupole interactions. If the field were increased, the nuclear states would become purer allowing controlled entanglement following the scheme used in NMR. 18 A source of rf pulses would address the 14 N nuclei. This would demonstrate a controlled-NOT gate using an ensemble of N-V centers.
This work could also be extended to single N-V centers. Dräbenstedt et al. 5 have used confocal microscopy to observe the fluorescence of individual centers at temperatures as low as 5 K; and Gruber et al. 4 have performed optically detected magnetic resonance on a single N-V center at room temperature. Also, Wrachtrup et al. 19 have performed optically detected spin coherence measurements on single pentacene molecules; extending this to a single N-V center is certainly possible.
In summary, a combined optical and microwave approach to quantum information with the N-V center has been demonstrated. A long phase memory time is observed, and coupling to the 14 N nucleus is strong for fields near 1 T.
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